Acoustic reflectometry, a noninvasive test that produces a length versus cross-sectional area map of the airway, has been used to identify difficult-to-tracheally intubate patients in a small retrospective case-control study. A critical airway volume of 40.2 mL separated those patients whose tracheas were impossible to intubate from those who were easily intubated. To determine if this technology was applicable for prospectively predicting difficult intubation and difficult ventilation in routine clinical practice, we performed a double-blinded, prospective cohort study. Our a priori hypothesis was that small airway volumes in adults (Ͻ40.2 mL) would predict absolute inability to intubate. We conclude that by use of acoustic reflectometry, there was no relationship between inability to intubate, poor glottic visualization, and multiple laryngoscopies with airway volume. (Anesth Analg 2002;95:645-9) 
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(Anesth Analg 2002;95:645-9)
T he identification and management of a difficult airway remains a significant challenge for the anesthesiologist. The ability to continuously oxygenate and ventilate patients is critical to their safety. Reported rates of difficult intubation range from 12.5%, defined as multiple laryngoscopies with poor views (1) , to 1% in a general surgical population, defined as a Cormack and Lehane (CL) Class IV view (2) (no laryngeal structures or epiglottis viewed), to 1 in 750 in the obstetric population, defined as absolute failed intubation (3) .
Difficult mask ventilation (DMV) is less well categorized than difficult intubation and has only been evaluated in a small number of clinical studies. Reported rates range from 0.07% when DMV is defined as "inability to obtain chest excursion sufficient to maintain a clinically acceptable capnogram waveform despite optimal head and neck positioning and use of muscle paralysis, use of an oral airway, and optimal application of a face mask by anesthesia personnel" (2) to 5% when defined as the "inability of an unassisted anesthesiologist to maintain the measured oxygen saturation as measured by pulse oximetry Ͼ92%, or to prevent or reverse signs of inadequate ventilation during positive-pressure mask ventilation under general anesthesia (4) ." Other studies using similarly subjective ratings of DMV have shown rates of 0.9% (5) and 1.4% (6) .
Advances in planning for and dealing with the patient who unexpectedly cannot be oxygenated, ventilated, or intubated include the development of specific algorithms for action (7) and the introduction of numerous devices to facilitate the establishment of a patent artificial airway. The ability to predict difficult intubation and difficult ventilation has not improved. The physiognomy based prediction systems have specificities in the 93%-97% range and sensitivities in the 80%-90% range (2, 5, 8) . The high false negative and false positive rates make them clinically inapplicable for predicting difficult intubation. To illustrate, if the sensitivity of a test to predict difficult intubation is 90%, its specificity is 95%, and the prevalence of difficult intubation is 1%, the positive predictive value (the rate of a positive test correctly predicting a positive result) is only 15.4% (9) . The only system for predicting DMV (4) has similar drawbacks.
Acoustic reflectometry (AR), a noninvasive test that produces a length versus cross-sectional area map of the airway (see Methods), has been used previously to identify difficult-to-intubate patients in a small retrospective case-control study. A critical airway volume of 40.2 mL separated those patients who had a clinical history of being impossible to intubate from a cohort of patients matched for age, sex, and weight who had previously been intubated (10) . To determine if this technology can be applied prospectively to predict difficult intubation and difficult ventilation in routine clinical practice, we performed a double-blinded, prospective cohort study. Our a priori hypothesis was that small airway volumes in adults (Ͻ40.2 mL) are associated with a diminished ability to view the glottic opening and will therefore predict absolute inability to intubate. Our secondary aim was to determine if small airway volume predicted difficulty of ventilation via a mask.
Methods
With IRB approval, we collected data on patients during the preoperative visit (airway volume measurement) and during their anesthesia (mask ventilation and intubation data). Patients scheduled for elective surgery were evaluated in an anesthesia evaluation clinic. Inclusion criteria were any patient who the anesthesia staff determined would have a general anesthetic and endotracheal intubation. Exclusion criteria were anyone not having general anesthesia with an endotracheal tube (ETT) and those patients who would have a fiberoptic intubation.
A single technician performed all AR tests. With the neck held both neutral and then extended on a foam intubation pillow, airway curves were recorded in the standard intubating position during the preoperative evaluation. Post hoc analysis of the curves (as described below) produced airway volumes.
The attending anesthesiologists in the operating room made all clinical airway management decisions. They were blinded to the AR data. Intraoperative data were collected onto a scannable form generated with Teleform ® software (version 5.2, Cardiff Software, Vista, CA). Data were collected on both mask ventilation and intubation. Mask ventilation was graded using a modification of the scoring system proposed by Benumof (7) . The following scores were assigned: 0 ϭ no mask used, 1 ϭ natural airway, 2 ϭ chin lift used, 3 ϭ oral and/or nasal airway, 4 ϭ two hands on the mask plus oral and/or nasal airway, 5 ϭ two anesthesiologists working together, and 6 ϭ impossible to exchange gas via a mask airway.
Data collected included the success or failure of direct laryngoscopy (yes/no), the number of attempted laryngoscopies (0, 1, 2, 3, 4, 5, or Ͼ5 attempts), the experience of the laryngoscopist (certified registered nurse anesthetist, CA1, CA2, attending), the CL classification of the best glottic view achieved (1, 2, 3, 4), whether an alternative device (laryngeal mask airway [LMA], Laryngeal Mask Company, Henley-onThames, UK; light wand, or fiberoptic bronchoscopy [FOB]) was used, and was its use planned, unplanned, or urgent/emergent. These data were scanned into a Microsoft Access ® (Bellevue, WA) database using the Teleform ® software scanner interface. AR uses sound waves propagated down a wave tube and into the patient's airway. The reflectometer impulse, 2 ms in duration, is characterized by a flat spectral range from 0 -5000 kHz (low-pass filter) and is repeated at the rate of 5 pulses per second (11) . Two microphones in the wave tube recorded the reflected sound (12, 13) . The cross-sectional area of the airway with which the sound was interacting determined the amplitude and phase of the reflected sound. The timing of the sound's return to the wave tube is a function of the total distance traveled (11) (12) (13) . Signal analysis is used to generate a plot of cumulative airway volume versus distance along the airway axis (10) . For this study, plots were broken down into separate oral, pharyngeal, and total volumes for neutral and extended neck positions using proprietary software from E. Benson Hood Laboratories (Pembroke, MA). The data were exported to a Microsoft Access ® database.
The separate databases of airway management data and AR evaluation data were merged and then analyzed using Systat 10 (SPSS Science, Chicago, IL). A two-tailed two-sample t-test was used to judge the relationship between absolute ability (yes/no) to place an ETT by direct laryngoscopy and means of oral airway volumes (neutral and extended), pharyngeal volumes (neutral and extended), total airway volumes (neutral and extended), and absolute and percentage change in airway volumes between neutral and extended. Although normality of airway volumes could not be assumed, the large n, applicability of the central limit theorem, and robustness of the t statistic made this choice appropriate (14) . Significance was assumed if P Ͻ 0.05 and the 95% confidence interval (CI) did not overlap the 95% CI of the null hypothesis. Because the normality of distribution of airway volumes could not be assumed, the Spearman correlation (r) was used to judge the correlation between number of laryngoscopies, CL scale, and means of oral airway volumes (neutral and extended), pharyngeal volumes (neutral and extended), total airway volumes (neutral and extended), and absolute and percentage change in airway volumes between neutral and extended. Tests of significance were applied if the r Ͼ 0.7 or r Ͻ Ϫ0.7 (i.e., there was a strong correlation) and was assumed if P Ͻ 0.05 and the 95% CI did not overlap the 95% CI of the null hypothesis.
To investigate the validity of the preexisting rule (10), patients were separated into two groups having total airway volumes less than 40.2 mL or total airway volumes more than or equal to 40.2 mL. A 2 analysis was used to judge the relationship between these two groups and the absolute inability to intubate patients. Group status was correlated with surrogate markers of difficulty of intubation using the Spearman correlation as described above.
Reliability of acoustic data acquisition was investigated using 53 patients in whom repeated measurements were made on separate clinic visits. Spearman correlation was performed to analyze test-retest reliability using the same methodology detailed above.
Results
Complete data sets were recorded for 1748 patients (Table 1 ). Of these, 141 patients were not successfully intubated. The mean number of intubation attempts was 2.00 (sd, 1.6). The remaining 1607 patients were successfully intubated. The mean number of intubation attempts was 1.15 (sd, 0.48). A total of 49 patients had three or more laryngoscopies. All 49 of these patients were easily ventilated via a mask, and 41 of these patients were eventually intubated successfully.
The ability for airway volumes to predict difficulty intubating was analyzed according to published definitions of difficulty of intubation. The absolute inability to place an ETT did not depend on mean total airway volume neutral (P ϭ 0.386; 95% CI, Ϫ6.392-15.947), mean total airway volume extended (P ϭ 0.786; 95% CI, Ϫ8.955-11.701), mean pharyngeal volume neutral (P ϭ 0.439; 95% CI, Ϫ6.692-14.92), mean pharyngeal volume extended (P ϭ 0.671; 95% CI, Ϫ7.765-11.843), the difference between the mean total airway volume extended and the mean total airway volume neutral (P ϭ 0.099; 95% CI, Ϫ7.502-0.692), and the difference between the mean pharyngeal volume extended and the mean pharyngeal volume neutral (P ϭ 0.213; 95% CI, Ϫ5.418 -1.269) ( Table 1) .
Defining difficult airway as requiring three or more laryngoscopies, no correlation with airway volumes was found ( Table 2 ). The number of laryngoscopies did not correlate with total airway volume neutral (r ϭ 0.009), total airway volume extended (r ϭ Ϫ0.074), pharyngeal volume neutral (r ϭ Ϫ0.063), pharyngeal volume extended (r ϭ Ϫ0.084), the difference between the mean total airway volume extended and the mean total airway volume neutral (r ϭ Ϫ0.052), and the difference between the mean pharyngeal volume extended and the mean pharyngeal volume neutral (r ϭ 0.045). Overall, the number of laryngoscopies did not correlate with airway volumes.
Defining difficult airway as a CL grade of 3 or 4, similar results were found. The CL grade did not correlate with total airway volume neutral (r ϭ Ϫ0.009), total airway volume extended (r ϭ Ϫ0.048), pharyngeal volume neutral (r ϭ Ϫ0.008), pharyngeal volume extended (r ϭ Ϫ0.034), the difference between the mean total airway volume extended and the mean total airway volume neutral (r ϭ Ϫ0.074), and the difference between the mean pharyngeal volume extended and the mean pharyngeal volume neutral (r ϭ Ϫ0.045). Overall, airway volumes did not correlate with the view achieved of the glottic aperture.
Applying the preexisting rule of 40.2 mL of airway volume being a defining line between intubatable and unintubatable patients (10), the results did not achieve significance in distinguishing between patients who could and could not be intubated (P ϭ 0.788). There were 152 of 199 patients with total airway volumes Ͻ42 mL who were successfully intubated. Applying the rule did not achieve significance in distinguishing between patients who required three or more laryngoscopies and those who required only one or two (P ϭ 0.427) and did not achieve significance in distinguishing between patients in whom a CL scale of 3 or 4 vs 1 or 2 was achieved (P ϭ 0.553).
Using the absolute ability to intubate as a true positive result and an airway volume of Ͻ40.2 mL as a positive test, we calculate the sensitivity and specificity of AR to be 62% and 77%, respectively. On secondary analysis using total airway volumes of 20, 30, 40, 50, 60, and 70 mL as cutoff points to generate the receiver operating characteristic curve, the calculated area under the receiver operating characteristic curve is 0.688. Area values this small indicate that the test has poor distinguishing characteristics (15) .
One patient could not be ventilated via a mask (ventilation score ϭ 6) ( Table 3 ). The three patients with clinically significant indicators of two anesthesiologists working together to ventilate via a mask the patient (ventilation score ϭ 5) or inability to ventilate via a mask (ventilation score ϭ 6) were all easily intubated ( Table 3 ). The absolute inability to ventilate via a mask (ventilation score ϭ 6) was highly correlated with reduced pharyngeal volume, but this is a single result and an extremely unstable statistic (one of 1748 total patients). Combining the three patients with ventilation scores of 5 and 6 and comparing their mean airway volumes with all other scores failed to produce a significant result, and the small number of events makes this a highly unstable statistic.
The reliability of acoustic data acquisition was investigated by using the 53 patients in who repeated measurements (repeat visit to the anesthesia evaluation clinic) were acquired. Test-retest reliability was very good (r ϭ 0.781; P Ͻ 0.02).
Discussion
In this study, 141 of 1748 patients (8.3%) could not be intubated with conventional direct laryngoscopy. This rate is much more frequent than has been reported in most other studies (1-3). We did not corroborate the findings of a previous case-matched study (10) that difficult intubation could be expected if AR airway volume was Ͻ40.2 mL. This is perhaps because of the change in airway management in the last decade and is discussed below (see Limitations).
Complete inability to ventilate via a mask was predicted accurately by AR. However, this is a very rare event (Ͻ0.06%). Because we only recorded one such event, the clinical importance of this statistically significant finding remains in doubt. With further study, AR may be useful in preventing the can't ventilate/ can't intubate situation by prompting use of nonconventional ventilation or intubation from the very beginning of a general anesthetic.
Our study showed that airway volume measurement by AR is a reliable measure in clinical practice and is supported by previous work (16) . AR has previously been shown to match airway volume measurements from computed tomography (CT) scans (17) . Unfortunately, we did not find any clinical use of AR to predict the absolute inability to intubate a patient.
Limitations
Initial reading may suggest that a significant limitation of this study is the small study size versus the published incidences of difficult airways in the nongravid population. Our study was stopped because an interim analysis was performed to determine if the airway information was so predictive that it should be made available to the attending anesthesiologist. Surprisingly, the trend of the airway data was for the unintubatable patients to have slightly larger airway volumes. A power analysis reveals that over 22,000 patients would be required to find a difference (if there was one) with an ␣ of 0.05 and a power of 80% (␤ ϭ 0.2), assuming our mean and sd of total airway volumes hold true in a larger patient sample. Consequently, the study was stopped because we would never be able to prove our a priori hypothesis to be true.
The main issue with evaluating this study lies in the change in airway management in the last decade. The mean number of intubation attempts in our unintubatable group was two (sd, 1.6). The clinical practice of performing repeated laryngoscopies has been replaced with the rapid use of alternative means of securing the airway. In our study, 55% of patients had an LMA placed after failure of laryngoscopy, and half of these patients (28%) then had their ETT placed by FOB via the LMA. Forty-two percent of patients who were unintubatable had their ETT placed by FOB alone, and 3% were intubated using other means (e.g., light wand, Bullard scope, or retrograde wire). One patient had an emergency tracheostomy to establish a surgical airway. Consequently, our rates of could not intubate are not comparable to studies like those of el-Ganzouri et al. (2) because the definition of could not intubate has so drastically changed.
In analyzing our data, our main outcome was to determine if total airway volume correlated with absolute inability to intubate. All of our other data are presented as secondary analysis and are only of interest for future hypothesis generation. Consequently, no true relationship between surrogate markers of difficult airway (CL scale and number of laryngoscopies) and airway volumes has been determined.
